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INTRODUCTION

Cyclooxygenase-2 (COX-2) is an inducible enzyme which catalyzes the conversion of
arachidonic acid to prostaglandins. COX-2 plays a key role in cancer (1-4) and COX-2 inhibition
prevents and treats colon cancer (5-7). Both COX-2 and its major derived prostaglandin product
(PGE2) have been implicated as stimulators of tumor angiogenesis (8-13).

We previously demonstrated that COX-2 expression is increased in human prostate cancer
tissues (14) and that a COX-2 inhibitor selectively induces apoptosis in a prostate cancer cell line
(15). We also demonstrated that treatment of human prostate tumor-bearing mice with a selective
COX-2 inhibitor (NS-398) significantly reduces tumor size, microvessel density and levels of a
potent tumor angiogenic factor, vascular endothelial growth factor (VEGF) (16) (APPENDIX,
Manuscript #1). Our in vitro studies with a highly invasive human prostate cancer cell line, PC-
3ML, demonstrated that cobalt-chloride simulated hypoxia induced VEGF upregulation. In that
same report, VEGF upregulation by cobalt chloride simulated hypoxia was prevented by NS-398
treatment and restored by the addition of PGE2 (one of the major prostaglandin products of the
reaction catalyzed by COX-2) (17) (APPENDIX, Manuscript #2).

Based on our preliminary data, we hypothesized that COX-2 and the resultant PGE 2 are
mediators of hypoxia-induced effects on VEGF in prostate cancer cells. We further hypothesized
that PGE 2 mediates hypoxic upregulation of VEGF by modulating hypoxia-inducible factor-I ct
(HIF-1c), the major transcriptional regulator of VEGF expression. The first task of these studies
was to determine the optimal dosing and timing of administration of NS-398 (COX-2 inhibitor) in
prostate-tumor bearing mice. The second task was to determine the mechanisms underlying the
observed effects of the COX-2 inhibitor and PGE2 on hypoxia-induced upregulation of VEGF.
Specifically, we proposed to determine whether PGE2 itself regulates HIF-1Ic and VEGF expression
levels. Finally, in Task 3, we will determine whether PGE2 modulates VEGF transcription by
enhancing the binding of HIF to the promoter region of the VEGF gene.
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BODY

Task 1. Perform studies using a mouse model of human prostate cancer to determine the in vivo
efficacy of a selective COX-2 inhibitor as anti-tumor and anti-angiogenic agent.

A. Phase I Study: Optimal Dose ofNS398 (COX-2 Inhibitor) In Vivo.

The in vivo efficacy of NS398 was examined in nude mice. Mice were randomly divided
into 4 groups with 20 mice each and treated with: Group 1, vehicle only as control, Group 2,
NS398 (0.5 mg/kg body weight), Group 3, NS398 (1.0 mg/kg body weight), and Group 4,
NS398 (3.0 mg/kg body weight). As shown in Fig. 1, NS398, at all three doses, produced a
suppression of PC-3ML tumor growth within 10 weeks after tumor cell inoculation. However,
the mice treated with the low (0.5 mg/kg) and medium (1.0 mg/kg) doses of NS398 exhibited an
increase in tumor growth after 10 weeks, in spite of continuous drug administration. These data
indicate that the tumors become resistant to the two lower doses after 10 weeks. In contrast,
mice treated with the highest dose (3 mg/kg) of NS398 exhibited a constant inhibition of tumor
growth over a 15-week experimental period. Average tumor surface areas at week 10 were:
group 1 (control) = 207.2 mm 2, group 2 (low dose NS-398) = 73.8 mm2 (66.7 % inhibition of
the control), group 3 (medium dose NS-398) = 45.6 mm 2 (72.3 % inhibition), and group 4
(highest dose NS-398) = 37.7 mm 2 (86.4 % inhibition). In contrast, average tumor surface areas
at week 15 were 170.5 mm2, 152.5mm 2, 159.1 mm 2, and 75.1 mm2, in Groups 1-4, respectively.
Complete regression of existing tumors was observed in some animals in all three groups treated
with NS398. Six tumors of twenty (30 %) in group 4 (high dose), five tumors of twenty (25 %)
in group 3 (medium dose), and 1 in group 2 (low dose) were not palpable at week 15 after drug
treatment. There was no evidence of drug related toxicity in any of the mice.
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Fig. 1 NS398 induced a dose-dependent inhibition of prostate tumor growth in nude mice. From
second week of PC-3ML cell inoculation, tumor-bearing mice were randomized to receive i.p. injections
of either vehicle or one of the three doses (0.5, 1.0, and 3.0 mg/kg body weight) of a COX-2 inhibitor
(NS-98), administered three times weekly. Tumor surface areas were measured weekly and expressed as
means + SE in 20 tumors from each group.
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These results confirm our previous findings (16) (APPENDIX, Manuscript # 1) that selective
COX-2 inhibition with NS-398 results in a potent inhibition of prostate tumor growth with low
toxicity in mice. However, the dose-response studies demonstrate that only the highest dose (3
mg/kg/body weight) resulted in a sustained inhibition of tumor growth. Ongoing studies will
determine the optimal timing of drug therapy (Task I [B]in original Statement of Work). In
addition, we will try to subculture resistant tumors and determine the molecular markers
associated with drug resistance.

Task 2: Determine the time course of hypoxic effects on VEGF and COX-2 expression and
delineate the level at which NS398 (COX-2 Inhibitor) and prostaglandins regulate
hypoxia-driven VEGF expression.

We recently reported on the effects of cobalt-chloride-simulated hypoxia on VEGF
expression in PC-3 ML cancer cells. Cobalt chloride mimics some, but not all effects, of true
hypoxia. We demonstrated that cobalt chloride greatly induced VEGF mRNA and protein in
these cells and that this effect could be blocked by the addition of a COX-2 inhibitor (NS398)
and restored by the addition of PGE 2 (a major COX-2 derived product) (17) (APPENDIX,
Manuscript #2). In experiments conducted over the past year, we have demonstrated that true
hypoxia (as opposed to cobalt-chloride simulated hypoxia) has the same effect on VEGF
expression in these cells and that NS-398 can inhibit the effect of true hypoxia

Hypoxia stimulates VEGF secretion in PC-3ML cells.
Vascular endothelial growth factor (VEGF) is a potent tumor permeability and angiogenic

factor (18-20). We have previously demonstrated that VEGF is critical to prostate cancer growth
(21). One of the most potent VEGF stimulators is hypoxia which acts through hypoxia-inducible
factor I ot (HIF- 1 c), an inducible transcription factor (22,23). We tested the effect of true hypoxia
on the induction of VEGF protein secretion in PC-3ML cells. As shown in Fig. 2, treating tumor
cells with hypoxia (1% Oxygen) significantly increased VEGF protein secretion in a time-
dependent fashion.

3.60

Fig. 2. Hypoxia stimulates VEGE secretion in PC-
3ML cells. PC-3ML cells were incubated

2.40 in serum-free medium supplemented with
0.1% BSA, and treated with either vehicle or
1% 02 for the time points indicated. At the end
of each time point, the medium was collected,

U 1.20 clarified, and subjected to ELISA to quantitate
VEGF protein secretion. The results were
normalized to cell number.

0.00

O 4 8 16 24 43
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NS398 inhibits hypoxia-induced VEGF secretion by PC-3ML cells.
We have reported that NS398, a selective COX-2 inhibitor, can prevent VEGF upregulation

in response to cobalt-chloride induced hypoxia (17) (APPENDIX, Manuscript #2). In these
studies we determined whether NS398 can also inhibit VEGF upregulation induced by true
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hypoxia.. As shown in Fig. 3, NS398 has no observed effect on VEGF production under
normoxic conditions. In contrast, NS398 significantly suppressed VEGF secretion induced by
hypoxia in a dose- and time-dependent fashion.
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Fig. 3. NS398 inhibits hypoxia-induced VEGF secretion bV PC-3ML cells.
(A) Time-dependent inhibition of VEGF secretion by NS398 in hypoxic PC-3ML cells. Cells were
incubated in serum-free medium under hypoxic (1% 02) or normoxic (20% 02) conditions in the absence or
presence of 100 ýtM NS398 for the time points indicated. (B) Dose-dependent inhibition of hypoxia-
induced VEGF secretion by NS398. Cells were incubated in serum-free medium under hypoxic (1% 02) or
normoxic (20% 02) conditions in the presence or absence of varying doses of NS398 for 2 d. Culture
medium was then collected, clarified, and subjected to ELISA to quantitate VEGF secretion. The results
were normalized to cell number.

Effects of PGE2 on HIF mRNA expression in PC-3 ML cells
Previous studies have demonstrated that hypoxic upregulation of VEGF mRNA expression

is mediated by a hypoxia-inducible transcription factor, HIF-l Iu (22,23). We hypothesized that the
COX-2/prostaglandin pathway might be involved in the regulation of expression of HIF-I Our data,
both published (17) and from preliminary experiments (as shown above), suggest that PGE 2 plays a
role in the process of hypoxia-induced VEGF expression. However, PGE 2 itself has only a
minimum direct effect on VEGF induction (24). We hypothesized that PGE 2 may directly induce
HIF-l I mRNA and/or protein expression under hypoxic conditions. Alternatively, PGE2 may
function as a co-factor which enhances the binding of HIF-1 cI protein to the promoter region of the
VEGF gene, thereby enhancing hypoxia-driven upregulation of VEGF transcription.
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To test these hypotheses, we initially examined the effects of PGE2 on HIF-1 Ic mRNA
expression. Rt-PCR, as shown in Fig. 4, revealed that PC-3ML cells express high basal levels of
HIF-Ici mRNA and the levels did not change in response to PGE, addition (Fig. 4)

PGE2 COC1 2

0 2 4 8 16 24 0 2 4 8 16 24 h

n-Acting

Fig. 4. Effects of PGE2 on the expression of HIF-la mRNA in PC-3ML cells. PC-3ML cells were
incubated in serum-free medium and treated with either vehicle or 1 ptM PGE 2 for various time, as indicated.
At the end of each time point, total RNA was extracted with Trizon Reagent (Gibco-BRL, Gaithersberg,
MD) according to the protocol from the supplier. cDNA was prepared by incubating I p•g of RNA in 50mM
Tris-HCI (pH 8.3), 75 mM KCI, 3 mM MgCl2, 10 mM DTT and RNase inhibitors with 250 units of reverse
transcriptase, I mM of each dNTP and random primers (0.05 mM, Gibco-BRL) for 60 min at 37°C. PCR was
carried out using AmpliTag DNA polymerase. Primer sequences were as following: sense (bp] 84-207), 5'-
CGG-CGC-GAA-CGA-CAA-GAA-AAA-GAT -3' and antisense (bp 1327-1350), 5'-TCG-TTG-GGT-
GAG-GGG-AGC-ATT-ACA -3'. PCR was initiated in a thermal cycle programmed at 95'C for 5 min, 94°C
for 30 sec. 58°C for 30 sec, 72°C for 45 sec (28 cycles). A separate set of samples were obtained from the
cells treated with cobalt chloride (COCI2) with same time points as control.
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Effect of PGEz on HIF-l a protein expression.

HIF-1 c protein has been thought to be a cytosolic protein which, upon stimulation by
various factors, undergoes nuclear translocation. We examined the effect of PGE2 on the expression

and subcellular localization of HIF-1 Ia protein. Western blot analysis, as shown in Fig. 5,
demonstrated that PGE2 upregulates HIF- 1 ax protein expression with a peak induction at 8h after
treatment. The induction mainly occurred in the cytosolic fraction.

A. PGE 2  0 4 8 16 24 (h)

HIF-IU - -120kDa

B. PGE 2  0 4 8 24 (h)

HIF-l(. - -120kDa

C. 1 2 3

HIF-Ic -40 40 -120kDa

Fig. 5. PGE2 upregulates HlF-) a protein expression in the cytosolic fraction of PC-3ML cells. PC-3ML
cells were cultured in serum-free medium and treated with either vehicle or I .M PGE2 Proteins were
isolated and HIF- 1 (x protein expression wsa determined in (A) Total Cell Lysates
(B) Cytosolic Fraction and (C) Nuclear Fraction, at the time points indicated (h=hours). Lane 1, cells
treated with vehicle only as negative control; lane 2, cells treated with I ,LM PGE 2 for 8h; lane 3, cells treated
with 100 .tM COCI2 for 8h as positive control. The proteins were subjected to Western blot analysis. A
representative result from duplicate experiments is shown.
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KEY RESEARCH ACCOMPLISHMENTS

Over the past year (1st year of funding) we have:

* Established the optimal dose of a selective COX-2 inhibitor (NS398) which results in the
maximal, sustained inhibition of prostate tumor growth in nude mice (3 mg/kg given
intraperitoneally twice weekly).

* Demonstrated that true hypoxia upregulates VEGF expression in PC-3ML human prostate
cancer cells and that NS398 (COX-2 inhibition) blocks this upregulation in a time- and dose-
dependent fashion.

* Demonstrated that the major COX-2 derived prostaglandin product (PGE2) has no effect on
the mRNA expression of hypoxia-inducible factor-lix (HIF-la) in PC-3 ML cells.

* Demonstrated that PGE2 does upregulate HIF-lat protein expression (in the absence of an
effect on the mRNA levels) in PC-3 ML cells. This effect is primarily due to increased levels of
HIF-1 Ia in the cytosolic fraction.
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REPORTABLE OUTCOMES

We have not yet reported on the data from our first funded year. However, we have two
very relevant publications (APPENDIX, MANUSCRIPTS #1 and #2) which were published
within the last year and formed the basis for the present studies.



CONCLUSIONS

Task I: In Vivo Studies with NS398 (COX-2 Inhibitor)

We have demonstrated that the highest dose of COX-2 inhibitor (NS398, 3mg/kg given
intraperitoneally twice weekly for 15 weeks) is the most efficacious in terms of a sustained
reduction in prostate tumor volume. The two lower doses initially decreased tumor growth
rates, but, after 10 weeks treatment, tumor growth rates increased. In the next phase of study,
we will utilize this optimal dose and determine the optimal time of administration of the
inhibitor (early vs. late) for maximal, sustained effects on tumor growth.

Task II: Mechanism of COX-2/PGE2 mediated effects on VEGF and HIF-lt in the
Presence of True Hypoxia

These studies proved that true hypoxia increases VEGF expression in human prostate cancer
cells and that this effect is mediated by COX-2.

Based upon our studies with cobalt chloride-simulated hypoxia (Manuscript #2,
APPENDIX) we hypothesized that the major prostaglandin product of the COX-2 catalyzed
reaction, PGE2, is a mediator of hypoxia-induced VEGF regulation. We further hypothesized
that PGE2 increases the mRNA and/or protein expression of the major hypoxia-inducible
transcription factor, HIF- 1 t. The studies conducted over this initial year of funding have
demonstrated that PGE2 does not increase HIF-la mRNA levels. However, we have
demonstrated an effect of PGE2 on HIF-1 Ic protein levels, particularly in the cytoplasm.

The observed effects of PGE2 on HIF-1 Ic protein levels, in the absence of any demonstrable
effect on HIF-I ot mRNA levels, point to a mechanism involving decreased degradation of
protein, rather than increased transcription. Most proteins are targeted for degradation by
covalent modification with ubiquitin (25). The most notable example of cancer due to a defect
in protein ubiquitination and degradation has been reported in von Hippel Lindau disease. The
von Hippel Lindau gene (VHL) is a tumor suppressor gene. The VHL protein normally forms
complexes with other proteins (elongin B, elongin C and Cul 2), which themselves form multi-
protein complexes. These complexes target other proteins in the cell for ubiquitination. Two of
the known proteins targeted for ubiquitination in the complex formed with the VHL protein are
VEGF and HIF. When VHL is mutated, there is defective ubiquitination and degradation of
both VEGF and HIF, with resultant tumors that are notably vascular (26,27).

Based upon our data from this first year of funding, we now hypothesize that PGE2 is
involved in the ubiquitination of the HIF-i1t protein. In the presence of hypoxia, HIF-1ot gene
transcription and protein levels rise, and the protein bindings to the promoter region of VEGF,
thereby enhancing transcription of the VEGF gene. Hypoxia also increases COX-2 transcription
and PGE2 levels via an independent mechanism (activation of the NF-kP3 pathway). We
hypothesize that PGE 2 further increases HIF protein levels by decreasing its ubiquitination and
degradation, thereby enhancing and prolonging the effects of hypoxia on VEGF gene
expression. Over the next year, we will test this hypothesis by determining the effects of PGE2
on HIF protein stability and ubiquitination.

. These observations have important implications in prostate cancer therapy. Intratumoral
hypoxia cannot be controlled. However, if these hypotheses are proven to be true, COX- 2
inhibitors can help prevent hypoxic upregulation of tumor HIF and VEGF and can serve as
effective antiangiogenic and anti-tumor therapy in human prostate cancer.
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-INHIBITION OF CYCLOOXYGENASE-2 SUPPRESSES ANGIOGENESIS
AND THE GROWTH OF PROSTATE CANCER IN VIVO

XIN HUA LIU,* ALEXANDER KIRSCHENBAUM, SHEN YAO,
RICHARD LEE, JAMES F. HOLLAND AND ALICE C. LEVINE

From the Departments of Urology and Medicine, Divisions of Endocrinology and Neoplastic Diseases, Mount Sinai School of Medicine,
New York, New York

ABSTRACT

Purpose: Cyclooxygenase (COX)-2, an inducible enzyme which catalyzes the formation of
prostaglandins from arachidonic acid, is expressed in prostate cancer specimens and cell lines. To
evaluate the in vivo efficacy of a COX-2 inhibitor in prostate cancer, NS398 was administered to
mice inoculated with the PC-3 human prostate cancer cell line.

Materials and Methods: A total of 28 male nude mice were inoculated subcutaneously with 1
million PC-3 cells. Tumors were palpable in all 28 animals 1 week after inoculation and mice
were randomized to receive either vehicle (control) or NS398, 3 mg./kg. body weight, intraperi-
toneally three times weekly for 9 weeks. Tumors were measured at weekly intervals. After a
10-week experimental period, mice were euthanized and tumors were immuno- histochemically
assayed for proliferation (PCNA), apoptosis (TUNEL) and microvessel density (MVD) (Factor-
VIII-related antigen). Tumor VEGF content was assayed by Western blotting.

Results: NS398 induced a sustained inhibition of PC-3 tumor cell growth and a regression of
existing tumors. Average tumor surface area from control mice was 285 mm.2 as compared with
22 mm.2 from treated mice (93% inhibition, p <0.001). Immunohistochemical analysis revealed
that NS398 had no effect on proliferation (PCNA), but induced apoptosis (TUNEL) and decreased
MVD (angiogenesis). VEGF expression was also significantly down regulated in the NS398-
treated tumors.

Conclusions: These results demonstrate that a selective COX-2 inhibitor suppresses PC-3 cell
tumor growth in vivo. Tumor growth suppression is achieved by a combination of direct induction
of tumor cell apoptosis and down regulation of tumor VEGF with decreased angiogenesis

KEY WORDS: Cyclooxygenase-2; Prostate cancer; Angiogenesis; Apoptosis; NS398

Prostate cancer is the most common malignancy and sec- affect a number of signal transduction pathways that modu-
ond leading cause of cancer-related deaths among men in the late cellular adhesion, proliferation, apoptosis, and differen-
United States.' Although most patients with advanced pros- tiation.s' 9 More recently, several pieces of in vitro evidence
tate cancer respond to hormonal therapies, the majority re- have implied a linkage between COX-2 activity and cancer
lapse and eventually die of their disease. Conventional che- angiogenesis. 1, 11 These reports suggested that inhibition of
motherapeutic agents exhibit little activity against those COX-2 activity can serve as both anti-tumor and anti-
advanced tumors. Thus, alternative approaches for the treat- angiogenic therapy.
ment of advanced prostate cancer are needed. It is well es- Although inhibition of COX-2 activity by selective inhibi-
tablished that all tumors require the growth of new blood tors appears to be effective in colon cancer prevention and
vessels to grow beyond 1 to 2 mm. and to metastasize.2 We treatment,'' 13 very little attention has previously been
previously demonstrated that inhibition of tumor angiogen- given to COX-2 and its relationship to prostate cancer. We
esis slows the growth of human prostate tumors in vivo.3 recently reported on the induction of apoptosis by a selective
Therapies which have combined anti-tumor and anti- COX-2 inhibitor in the androgen-sensitive prostate cancer
angiogenic effects should be effective in advanced disease. cell line, LNCaP in vitro."4 The present studies were under-

Cyclooxygenase (COX), also referred to as prostaglandin taken to determine if NS398, a selective COX-2 inhibitor, is
endoperoxide synthase, is a key enzyme in the conversion of an effective anti-cancer agent in an in vivo model of human
arachidonic acid to prostaglandins and other eicosanoids. prostate cancer. We hypothesized that COX-2 inhibition
Two isoforms of COX have been identified. COX-1 is ex- would be even more efficacious in vivo than in vitro because
pressed constitutively in many tissues and cell types, of the added anti-angiogenic effects. Our data demonstrate
whereas COX-2 is inducible by a variety of factors, including that a selective COX-2 inhibitor, NS398, induces apoptosis in
cytokines, growth factors and tumor promoters.4 COX-2 is the androgen-independent PC-3 human prostate cancer cell
highly expressed in a number of human cancers and cancer line in vitro. Moreover, NS398 is a potent suppressor of PC-3
cell lines, including prostate cancer.' COX-2 was initially cell tumor growth in vivo with no indication of toxicity in
identified as one of early growth response genes ',7 which nude mice. These effects were accomplished by a combination

of induction of cancer cell apoptosis and suppression of tumor
Accepted for publication March 25, 2000. angiogenesis.
* Requests for reprints: Department of Medicine, Box 1055, Mount

Sinai School Medicine, One Gustave L. Levy Place, New York, NY
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ville, MD). This cell line was routinely maintained in DMEM From the second week of tumor cell inoculation, tumor bear-
containing 10% FBS (Gibco-BRL, Grand Island, NY). For cell ing mice were randomly divided into two groups with 14 mice
viability assays, PC-3 cells were plated at 1 x 106 cells/well each, and received intraperitoneal injections of either vehicle
in six-well cluster dishes with 2 ml. of 10% FBS- as control or NS398 at the dose of 3 mg./kg. body weight three
supplemented medium for 24 hours. At day 0, cells were times a week. The dose of NS398 we used in this study was
washed with PBS, and the medium was changed to serum- based on previous reports from Futaki et al'6 and Masferrer
free medium containing 0.1% BSA overnight. Incubations et al,i7 as well as our in vitro results. Animals were weighed
were continued with or without increasing concentrations of and the tumor surface areas were measured with a vernier
NS398 (Cayman Chemicals, Ann Arbor, MI) for 5 days with caliper at weekly intervals. The formula (L/2) x (W/2) x 7r
refeeding after 3 days. For the time course experiments, cells (where L is maximum diameter of each tumor, and W is the
were incubated with or without 100 MM NS398 and har- length at right angles to L) was used to calculate the tumor
vested at various time points. After 2 washes with PBS, cells surface areas."8

were stained with trypan blue, and the number of living Immunohistochemistry. Immunohistochemical staining for
cells after treatment was determined by counting in a hema- the expression of Factor VIII-related antigen and PCNA were
cytometer. carried out as previously described.1 9' 20 Briefly, tumor spec-

DNA fragmentation assay. DNA gel fragmentation assay imens were deparaffinized, treated with 3% hydrogen perox-
was performed as previously described. 4 Briefly, subconflu- ide, followed by incubation with the appropriate blocking
ent cells were cultured in DMEM containing 10% FBS with serum and then incubated with the antibodies against factor
or without NS398 (100 [M) for various times. Cells were VIII-related antigen (Boehringer Mannheim, Indianapolis,
washed with cold PBS and lysed in lysis buffer (10 mM Tris, IN) for the detection of tumor microvessel density, or PCNA
pH 7.4, 5 mM EDTA, 1% Triton X-100) for 20 minutes on ice. (Transduction Laboratory, Lexington, KY) for the detection
Micro-centrifugation was performed at 11,000 g for 20 min- of tumor cell proliferation. Staining was carried out using the
utes to separate the nuclear DNA precipitate from the frag- avidin-biotin complex method with reagents from Vector
mented DNA present in the supernatant. The supernatant Labs (Burlingame CA). The intensity and extent of positivity
was treated with 50 Mg./ml. RNase A at 37C for 1 hour, and of every stained specimen was estimated by the percentage of
then proteinase K was added at 0.1 mg./ml. for another hour. positive staining cells scored under a light microscope on
After phenol-chloroform extraction, DNA from the superna- three separate occasions in a coded manner.
tant was precipitated by ethanol and resuspended in 100 ML Measurement of microvessel density. Estimations of MVD
of TE buffer (10 mM Tris, pH 8.0; 1 mM EDTA). Equal were carried out as previously described. 9 Briefly, microves-
amounts of DNA samples (20 Mg.) were electrophoresed on a sels were highlighted by staining endothelial cells for factor
1.2% agarose gel and visualized by ethidium bromide stain- VIII-related antigen using a standard immunoperoxidase
ing. technique. MVD was assayed by light microscopy. Areas of

TUNEL assay. PC-3 cells were incubated in DMEM con- highest neovascularization were identified by scanning the
taining 10% FBS with or without NS398 for 3 days. Cells tumor sections at low magnifications (x 40 and x 100). After
were washed with ice-cold PBS and harvested by centrifuga- areas of highest neovascularization were identifed, individ-
tion. For the assays on tumor tissues, tumor specimens from ual microvessel counts were made on a x 200 field (x 20
control versus NS398-treated mice were deparaffinized and objective and x 10 ocular, 0.739 mm. 2 per field). Any brown-
washed in two changes of xylene for 5 minutes each wash, staining endothelial cell or endothelial cell cluster, clearly
followed by washing in ethanol and PBS. Cells and tumor separate from adjacent microvessels, tumor cells, and other
specimens were examined for apoptosis using the TUNEL connective-tissue elements, was considered a single, count-
method with the ApopTag in situ apoptotic detection kit able microvessel. Results were examined by two blinded ob-
(Oncor, Gaithersburg, MD) according to the manufacturer's servers on three separate occasions in a coded manner. Data
instruction. The labeled cells and fixed tissues were exam- were expressed as the highest number of microvessels iden-
ined using a fluorescent microscope. tified within any single x 200 field.

Protein extraction from solid tumor and immunoblotting. Statistics. Data are expressed as mean _- SEM. Data from
Protein from solid PC-3 cell tumors were extracted using in vitro and in vivo were statistically analyzed with Student's
Tri-Reagent (Sigma, St. Loius, MO), according to the manu- unpaired t test.
facturer's instruction. Protein content was measured with a
protein assay kit (Bio-Rad, Hercules, CA) Samples were then
electrophoresed on a 12% SDS-polyacrylamide gel, electro- RESULTS

phoretically transferred to a polyvinylidene difluoride mem- In Vitro Studies. NS398 Decreases PC-3 Cell Viability:
brane (Dupont, Wilmington, DE), and incubated with anti- Initial experiments examined the effects of NS398 on PC-3
VEGF polyclonal antibodies (Santa Cruz BioTech, Santa cell viability in vitro. As shown in fig. 1, A, treatment with
Cruz, CA) overnight at 4C. Secondary horseradish 100 MM NS398, significantly decreased the viability of PC-3
peroxidase-linked anti-rabbit IgG was used. Filters were de- cells after 3 days (50% of control). PC-3 cell survival was 23%
veloped by the enhanced chemiluminescence system (Amer- and 11% of control after 4 and 5 days treatment with NS398,
sham, Arlinton Height, IL). VEGF protein isoforms were respectively. The dose-dependence of the NS398 effect was
identified as described by Houck et al"5 Relative protein next characterized. As shown in fig. 1, B, a modest decline in
expression was then quantitated with a densitometer (Mo- viable tumor cells was discernible after treatment with 10
lecular Dynamics, Sunnyvale, CA) MM NS398 for 5 days. Higher concentrations of the inhibitor

Animals and tumor cell inoculation. Male mice aged 6 to 8 further decreased cell survival. These results indicate that
weeks were used in the study. For tumor cell inoculation, NS398 decreases PC-3 cell survival in a time and dose-
subconfluent PC-3 cells were harvested with 0.1% trypsin. dependent fashion.
Ten million cells were suspended in 1 ml. of 10% FBS- NS398-Induced PC-3 Cell Death Caused by Apoptosis: One
containing DMEM (Gibco BRL, Gaithersburg, MD) and of the possible mechanisms underlying the observed effect of
mixed with 1 volume of ice-cold Matrigel (Collaborative Bio- NS398 on tumor cell viability is the direct induction of PC-3
medical Products, Bedford, MA). The cell-Matrigel suspen- cell apoptosis. To test this hypothesis, DNA fragmentation
sion was allowed to warm up at room temperature for 5 assay was performed. As shown in fig. 2, A, NS398-treated
minutes with gentle mixing and then inoculated subcutane- PC-3 cells produced a smear of different sizes of DNA frag-
ously into the inguinal region of each mouse. ments and a distinct oligosomal ladder, a typical character-

Tumor growth in nude mice and NS398 administration. istic of cells undergoing apoptosis. In contrast, control PC-3
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FIG. 2. NS398 induces apoptosis in PC-3 cells. Top, DNA fragmen-

"- tation assay. PC-3 cells were treated with either vehicle as control or
• 8100 gM NS398 for days indicated. Cellular DNA was extracted and

8 analyzed by agarose gel (1.2%) electrophoresis. Lane M is 100 bp
DNA marker. Bottom, TUNEL assay. Cultured PC-3 cells treated
with either vehicle as control (a) or 100 tIM. NS398 (b) for 3 days.
Apoptotic cells were detected by ApopTag in situ apoptosis detection
kit, and examined by fluorescent microscope. Data shown are repre-
sentative of three independent experiments.

Average tumor surface area at 9 weeks for the NS398 treat-
"ment was 22 mm. 2 versus 285 mm.2 from control mice (>93%

U inhibition, p <0.001). Tumors from three of fourteen NS398-
0 Itreated mice were not palpable, indicating a complete regres-

sion of these tumors after drug administration. There was no
0 0.1 1.0 10 50 100 evidence of drug-related toxicity in any of the mice. Three

representative tumors which were randomly picked from
NS398 Concentrations (uM) control or NS398-treated mice are shown in fig. 3, B. Tumors

from control mice are larger and more highly vascularized
FIG. 1. NS398 decreases PC-3 cell viability. A, time course of cell than those derived from drug-treated mice.

viability over 5 days in the presence or absence of NS398. PC-3 cells
were treated with 100 ttM NS398 for times indicated. B, dose- NS398 Induces PC-3 Tumor Cell Apoptosis and Inhibits
dependence of NS398 effects on cell viability. PC-3 cells were treated Tumor Angiogenesis: We next determined the effect of NS398
with increasing concentrations of NS398 for 5 days. After trypan on tumor cell proliferation, apoptosis and angiogenesis in
blue staining, numbers of living cells were counted using hemacy- vivo. As shown in fig. 4, immunohistochemical analysis of
tolneter. Data shown are means ± SE of three independent experi-
ments, , p <0.01 versus control. histological sections revealed that NS398 had no significant

effect on tumor cell proliferation as detected by the staining
with antibody against PCNA. NS398 treatment did, however,

cells showed no evidence of detectable DNA fragments. The have a substantial effect on the induction of apoptosis in

apoptosis induced by NS398 was further confirmed by tumors derived from NS398-treated mice versus control de-

TUNEL assay, in which the non-apoptotic cells are stained tected by TUNEL assay.
red while apoptotic cells stained yellow or green. As demon- Staining with Factor VIII-related antigen demonstrated a

strated in fig. 2, B, control PC-3 cells were red, whereas significant decrease (versus control) in microvessel density
NS398-treated PC-3 cells stained yellow and green indicating (MVD). Blood vessels in the tumors derived from control mice
apoptosis. showed a sinusoidal pattern and well developed vascular

networks. In contrast, the blood vessels in the tumors from
In Vivo Studies. NS398 Suppresses PC-3 Cell Tumor NS398-treated mice consisted of randomly distributed endo-

Growth in Nude Mice: The in vivo efficacy of NS398 was next thelial cells which did not form organized vascular networks.
determined in nude mice. As shown in fig. 3, A, over a Quantitative analysis of histological sections, as shown in fig.
10-week experimental period, NS398, at a dose of 3 mg./kg. 5, revealed no change in the proliferative index (PCNA), but
body weight given 3-times a week, produced a sustained a 3.5-fold increase in the apoptotic index (TUNEL) and 3-fold
inhibition of PC-3 cell tumor growth, and a regression of decrease in MVD in the tumors derived from drug-treated
existing tumors beginning 2 weeks after treatment initiation, versus control animals.
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FIG. 4. Immunohistochemical analysis of histological sections of
- -- tumors derived from control versus NS398-treated mice. From sec-

ond week of PC-3 cell inoculation, tumor bearing mice were random-
--- :, ized to receive i.p. injections of either vehicle as control or NS398 at

dose of 3 mg./kg. body weight three times weekly for 9 weeks. Mice
were then killed by CO, euthanasia, tumors were removed and
processed to immunohistochemical analysis: PCNA for proliferative
index, TUNEL for apoptotic index, and Factor VIII-related antigen
for microvessel density.
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FIG. 3. NS398 Suppresses PC-3 cell tumor growth in nude mice. $ 0

Top, from second week of PC-3 cell inoculation, tumor bearing mice z *

were randomized to receive i.p. injections of either vehicle as control 0 '..
(-H-) or NS398 (-@-), 3 mg./kg. body weight, three times weekly.
Tumor surface areas were examined weekly. Vertical arrow indi- 25 25 25

cates time for initiation of NS398 treatment. Bottom, three repre-
sentative tumors collected from control mice (top) or NS398-treated
mice (bottom) at 9 weeks after NS398 treatment. L t

W Control NS398

NS398 Inhibits VEGF Production in PC-3 Cell Tumors: FIG. 5. NS398 induces tumor cell apoptosis and suppresses tumor
VEGF is a major stimulator of tumor angiogenesis.2  Our angiogenesis. Histological sections of tumors from control (n = 10)

versus NS398-treated (n = 10) mice were analyzed for A,) prolifera-preliminary in vitro data have demonstrated that NS398 tion (PCNA); B, apoptosis (TUNEL); and C, angiogenesis (MVD).
inhibited upregulation of VEGF by CoCI2-induced hypoxia Proliferative index and apoptotic index were estimated by percent-
(data not shown). To determine whether NS398 effects on age of cell scored under either light microscope or fluorescent micro-
tumor angiogenesis were due to suppression of VEGF, tumor scope, at 200-fold magnification. MVD was determined by counting

number of capillary blood vessels per x 200 field in sections stainedtissues from control versus NS398-treated mice were assayed with antibodies against Factor VIII-related antigen. * p <0.01 versus
for the expression of VEGF protein isoforms. While VEGF.22  control.
was barely detectable, VEGF1 65 was the major band with a
molecular weight of 21 kDa detected by Western blotting in
PC-3 cell tumors (fig. 6, A). Quantitative analysis of VEGF.65  changes in these cells. COX-2 has been demonstrated to play
protein expression revealed a significant reduction (2.5-fold a role in carcinogenesis," resistance of tumor cells to apo-
less than control, p <0.01) in residual small tumors from ptosis, abnormal cell cycle regulation, cellular adhesion 9 and
NS398-treated mice after a 9-consecutive week treatment tumor cell invasive capacity." We have previously demon-
(fig. 6, B). VEGF,1 5 levels were also reduced in treated versus strated that a selective COX-2 inhibitor induced apoptosis in
control animals (data not shown). an androgen-sensitive human prostate cancer cell line via

inactivation of bcl-2.1 In the present study, we demonstrate
DISCUSSION that COX-2 inhibition also induces apoptosis, in vivo, and

Overexpression of COX-2 may result in persistent activa- inhibits PC-3 cell tumor angiogenesis.
tion of genes normally induced only transiently during pas- In the normal prostate, there is a balance between cell
sage through the cell cycle, ,

2 2 and lead to phenotypic proliferation and cell death. It is well established that andro-
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A tained inhibition of PC-3 tumor cell growth, but also dramat-

Control NS398 ically reduces the size of existing tumors. These phenomenon

can be explained by the combination of direct (induction of
tumor cell apoptosis) and indirect (reduction of tumor VEGF
with resultant decreased angiogenesis) effects of the inhibi-

VEGF1 6 5  * . . -21 kDa tor. These data provide a rationale for the use of currently

available second generation COX-2 inhibitors 2" as safe and
effective chemotherapeutic agents for the treatment of pros-
tate cancer.
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Abstract

Upregulation of vascular endothelial growth factor (VEGF) expression induced by hypoxia is crucial event leading to
neovascularization. Cyclooxygenase-2, an inducible enzyme that catalyzes the formation of prostaglandins (PGs) from
arachidonic acid, has been demonstrated to be induced by hypoxia and play role in angiogenesis and metastasis. To
investigate the potential effect of COX-2 on hypoxia-induced VEGF expression in prostate cancer. We examined the
relationship between COX-2 expression and VEGF induction in response to cobalt chloride (CoCl2)-simulated hypoxia
in three human prostate cancer cell lines with differing biological phenotypes. Northern blotting and ELISA revealed that
all three tested cell lines constitutively expressed VEGF mRNA, and secreted VEGF protein to different degrees (LNCaP
> PC-3 > PC3ML). However, these cell lines differed in the ability to produce VEGF in the presence of CoCla-simulated
hypoxia. CoCl2 treatment resulted in 40% and 75% increases in VEGF mRNA, and 50% and 95% in protein secretion by
LNCaP and PC-3 cell lines, respectively. In contrast, PC-3ML cell line, a PC-3 subline with highly invasive, metastatic
phenotype, exhibits a dramatic upregulation of VEGF, 5.6-fold in mRNA and 6.3-fold in protein secretion after treatment
with CoC12. The upregulation of VEGF in PC-3ML cells is accompanied by a persistent induction of COX-2 mRNA
(6.5-fold) and protein (5-fold). Whereas COX-2 expression is only transiently induced in PC-3 cells and not affected by
CoC12 in LNCaP cells. Moreover, the increases in VEGF mRNA and protein secretion induced by CoC12 in PC-3ML
cells were significantly suppressed following exposure to NS398, a selective COX-2 inhibitor. Finally, the effect of COX-2
inhibition on CoCI2 -induced VEGF production was reversed by the treatment with exogenous PGE2. Our data demonstrate
that VEGF induction by cobalt chloride-simulated hypoxia is maintained by a concomitant, persistent induction of COX-2
expression and sustained elevation of PGE2 synthesis in a human metastatic prostate cancer cell line, and suggest that COX-
2 activity, reflected by PGE2 production, is involved in hypoxia-induced VEGF expression, and thus, modulates prostatic
tumor anciogenesis.

Introduction not appear to be sufficient for the full induction of VEGF in
response to hypoxia. Unknown cellular factor(s) other than

Angiogenesis is a critical element for solid tumor growth HIF-I is required in this process 14, 5].
and metastasis II]. One of the factors involved in neovas- Cyclooxygenase (COX)-2 is an inducible enzyme re-
cularization is vascular endothelial growth factor (VEGF). quired in the conversion of prostaglandins (PGs) from
VEGF plays a key role in both normal vasculogenesis and arachidonic acid. It is highly expressed in a number of
angiogenesis in many disease states. Upregulation of VEGF human cancers and cancer cell lines, including prostate
expression is a major event leading to promotion of angio- cancers [6, 7]. Overexpression and persistent existence of
genesis in malignancy. In solid tumors, VEGF is mainly COX-2 has been linked to promotion of tumorigenesis, re-
regulated by hypoxia via hypoxia inducible factor-l(HIF- sistant to apoptosis, abnormal cell cycle regulation [8], and
1) [2, 3]. However, recent report indicated that HIF-1 does a feature of the aggressive, metastatic phenotype of human

cancer cells [9, 10]. More recently, several pieces of evi-
"*Corre~slondence to: Xin-Hua Liu. Department of Medici ne, Box 1272. deuce have implied a linkage between COX-2 activity and
MounLt Sinai School of" Medicine, One Gustave L. Levy Place. New York,
NY 10029, USA. Tel: + 1-212-241-4130: Fax: +1-212-241-42M8 E-mail: hypoxia-induced cancer angiogenesis [,., 12]. In addition,
li ux01(0 doc. iiSS m.edo prostaglandin E2 (PGE 2 ), a major COX-2 derived product, is
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reported to be a stiniulator of angiogenesis 1131. These data with ice-cold PBS and scraped with 1.5 ml of PBS con-
suggesLt a novel approach to cancer treatment by inhibition taining 4 mM iodoacetate. After centrifugation, the pellets
of COX-2 activity, were resuspended in 50 ipl of CHAPS extraction solution

Prostate cancer is the most common cancer and sec- (10 mM CHAPS, 2 mM EDTA, pH 8.0, and 4 mM iodoac-
ond leading cause of cancer death in US males. A number etate in PBS) with protease inhibitors. The samples were
of clinical investigations have demonstrated a relationship then incubated for 30 min on ice and centrifuged at 15,000 g
between the degree of neovascularization and the progres- for 10 min. The supernatants were electrophoresed on a
sion of: prostalic cancer grade[ 1l4, metastatic behavior[ 15], 9% SDS-polyacrylamide gel, electrophoretically transferred
and cancer-specific survival 116]. While several reports have to a polyvinylidene difluoride membrane (DuPont, NEN),
sugIgested an association between high degrees of VEGF and incubated with anti-COX-2 antibodies (Oxford BioMed.
expression and tLumor microvessel density, a measure of an- Inc.) for 2 h at roomn temperature. Secondary horseradish
giogenesis, in breast and lung cancers 117, 18], it is not the peroxidase-linked donkey anti-rabbit IgG (Amersham, At-
case in human prostate cancer cell lines. Rose et al. reported linton Heights, Illinois) was used. Filters were developed by
that VEGF expression, at least in the generally available the enhanced chemiluminescence system (Amersham).
humnan prostate cancer cell lines, does not correlate with
their capacity for invasion and metastasis, or with the de- Northern b)lotting
glre of angiogenesis evident in vivo 119, 20]. To determine
the relationships between hypoxic regulation of VEGF ex- Total RNA extraction and Northern blotting were carried

pression and metastatic phenotype of prostate cancer cells, out as previously described 19]. Briefly, subconfluent cells

and investigatc the potential effect of COX-2 on hypoxia- cultured under desired conditions were harvested, and total

induced VEGF expression. The present study compared the RNA was isolated and fr'actionated on a 1.2% ararose-

expression of COX-2 and VEGF with or without cobalt formaldehyde gel. After transfer to a nitrocellulose merm-

chloride treatnllllt ill three hlUman prostate cancer cell lines, brane, hybridization was performed with an [a- 32 P]-labeled

i.e., LNCaP, an androgen-sensitive non-invasive cell line: either COX-2 (Oxford BioMed. Inc.) or VEGF cDNA (en-

PC-3, an androgen-incdependent, less invasive, and weakly coding the 165 amino acid isoform of VEGF, a gift from

meitastatic cell line: and PC-3ML. a highly invasive, metasta- Dr Kevin Claffey, Beth Israel Deaconess Medical Center,

tic (bone-targeting) PC-3 subline. Cobalt chloride treatment Boston, Massachusetts) probe. The membranes were subse-

of cells in ,iln has previously been shown to induce celhllar quently hybridized with a /-actin cDNA probe to monitor

changes which are similar to these seen after hypoxia [2, 21] RNA loading.
In addition, the effects of a selective COX-2 inhibitor and
exog0enouLs PGE2 on the CoCII-induced VEGF production Preparation ofcondition mednin tor ELISA

were evaluated in these cell lines.
Condition medium was prepared as described previously
123]. Briefly, Cells were plated at I x 105 cells/well in six-

Materials and methods well cluster dishes with 2 ml medium containing 10% FBS.
After washing with PBS, serum-free medium was replaced.

Cell etullit'(e Incubations were continued under the desired conditions

with refeeding after 3 days. Cells were cultured for another

LNCaP and PC-3 cell lines were purchased from American 24 h, medium was collected, centrifuged at 800 g for 10 min
Type Culture Collection (ATCC, Rockville, Maryland). PC- to remove suspended cells, and stored at -70'C for assays.
3ML, a PC-3 subline with highly invasive potential in vitro ELISA kits for VEGF detection were purchased from R&D

and bone-targeting metastasis in SCID mice, was estab- Systems (Minneapolis, Minnesota), and the kits for PGE_
lished by Dr. Mark E. Stearns (MPC-Hahnemann University, assay were obtained from Oxford BioMed. Inc. The results

Philadelphia, Pennsylvania) 122]. LNCaP cells were main- were normalized to cell number.

tained in RPMI 1640 niedium, while PC-3 and PC-3ML
cells were cultured in DMEM with 10% FBS. Hypoxia-
like conditions were chemically created by exposure of Results

cells to 100 pM cobalt chloride (CoCh2, Sigma, St. Louis,
Missouri). B0efore treatlenlt with various compoulinds, i.e., CnCl2 -induced upregitlation o" VEGF inl prostate cancer

CoCl2, NS398 (Cayman Chemical Co., Ann Arbor, Miehi- C('1 lines

gal) and PGE2 (Oxford, BioMed. Inc., Oxford, Michigan),
sUbconfIl~uet cells were washed twice with PBS aid chaiged Initial studies examined the expression of VEGF mRNA and

to serulii-free liiediulii containing 0. 1 1W BSA for 24 h. protein secretion in LNCaP, PC-3, and PC-3ML cells in the
presence or absence of CoCl2. As shown in Figure I A, al-

Iiiiiiiiollottiii, though all three cell lines expressed constitutive levels of
VEGF mRNA (LNCaP > PC-3 > PC3ML), and responsed

Cells cuLlltuedC under the desired conditions were lysed as to CoCI2 , the degrees of the induction significantly varied.

described previously 91]. Briefly, cells were rinsed twice CoCI2 induced 40% and 75% increase in VEGF mRNA in
LNCaP and PC-3 cells, respectively. In contrast, PC-3ML
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cell line was distinguished from the others by a dramatic up-
regulation of VEGF mRNA (5.6-fold) in response to CoC12
despite of the low basal level. VEGF protein secretion was
next examined with or without CoCI2 treatment in these cell

A lines. As shown in Figure I B, ELISA revealed that basal
level of VEGF protein secretion is highest in LNCaP among

Z r the tested three cell lines, but only a 50% inducible level
4 g O was detected following the addition of CoC12. In contrast,

CoCI2  - - + - + CoCl2 induced 95% and 6.3-fold increase in VEGF protein
secretion in PC-3 and PC-3ML cell lines, respectively.

VEGF | -4.3 kb
W CoCl2 -induced upregulation of COX-2 expression and

PGE2 production in prostate cancer cell lines

p-Actin 600 ... -1.8 kb The expression of COX-2 mRNA, protein and PGE2 pro-
duction in LNCaP, PC-3, and PC-3ML cell lines and their

2.00 responsiveness to CoCV, were next assayed. As shown in
COCI2 Fiure 2A, LNCaP cells expressed a low level of COX-2

1.50 Co.C2 r mRNA which was not influenced by CoCI2. In contrast,
PC-3, and PC-3ML cells expressed a relative high level of

S.COX-2 mRNA. With the addition of CoCl2, COX-2 mRNA
W 1.00 was induced within 12 h in both PC-3 and PC-3ML cell

lines, However, the induction of COX-2 in PC-3 cells was
.0.50 transient (with a peak of 1.6-fold induction), and the level

returned to basal level after 24 h despite the continued pres-
S0.00 ence of CoCI2 . Whereas COX-2 expression was persistently

LNCaP PC-3 PC-3ML induced with a continuous enhancement after initiation in

PC-3ML cells. There was a 6.5-fold increase by 72 h af-
ter CoCFL administration. Western blot analysis was next

B 12 I performed to determine whether the difference in the expres-
[ CC2 (-sion and CoCl2-induced COX-2 mRNA in these cell lines
COC12 (1) influences their protein expression. Figure 2B demonstrates

a low expression level of COX-2 protein which did not re-
8

• spond to hypoxic stimulation in LNCaP cells. In contrast,
= while CoC12 induced a 1.4-fold increase in COX-2 protein

expression within 16 h which was declined to basal level by
4** 48 h after exposure in PC-3 cells. COX-2 protein expression

> was upregulated by CoCl2 within 16 h with an additional
increase (maximum induction of 5-fold) that was sustained
over a 72 h incubation period under CoC12 -simulated hy-

0 P poxia. COX-2 enzymatic activity, as reflected by PGE2
LNCaP PC-3 PC-3ML synthesis was also determined. ELISA revealed a low level

Ii,,ig-e I. CoCI2 -indluced uprcgulation of VEGF in prostate cancer cell of PGE2 secretion which stayed constant in the presence of
lines. (A) CoCl2-indoced npregulation of VEGF mRNA. Prostate catncer CoCl in LNCaP cells. The regulation of PGE2 production
cells were culiured in serra n-flie miiediumi ii and treated with or wilhout C
100(pM CoC1, for 2 d. Total RNA was then extracted and subjected to by CoCI2 in PC-3 and PC-3ML cell lines was consistent with
Northern blot analysis with a VEGF eDNA probe followed by rehybridiza- that of COX-2 expression. Although both PC-3 and PC-3ML
tion with a /1-actin probe, and dhe amount of specitic RNA was quantitated cell lines responded to CoCI2 stimulation. The induction pat-
by densilometry. The resu lt shown in tipper panel is a representative from tern of PGE2) production was significantly different. COC12)
triplicate experiments. The quantiLative analysis of VEGF mRNA expres- tr P
sion from three indlepetident experiments is shown in lower panel. Data only induced a transient enhancement of PGE2 secretion in
are expressed as ratio of VEGF to /1-actin mRNA, and are means ± SEM. PC-3 cells. Whereas PGE2 secretion was persistently up-
(B) CoCI 2-intilueced upregulation of VEGF protein secretion. Prostate can- requlated with a 6-fold induction seen by 72 h after CoCl
cer cells were incuibated ill serum-free medium and treated with Ors without a
1100 p M CoC12 for 2 d. Cuhlure medium was then colleced. clarilied, and addition in PC-3ML cells (Figure 2C).
sub jected io ELISA to quantitate VEGF protein secretion. The results were
normalized to cell number. The data represent mean ± SEM from three Effet of COX-2 inhibitiot on CoCl2-imluced VEGF
separate determinations. " PI' < 0.05, *P < 0.01 vs. control. ])h'odllctiOlt

The co-induction of VEGF and COX-2 by CoC12 in PC-3
and PC-3ML cells let us further investigated the potential
effect of COX-2 activity on the upregulation of VEGF in



690 X. -H. Litt et al.
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6 IZIPC-3 c
- PC-3MLVE F-.k

M3 A .3k

0 j-Actin -1.8 kb
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Hours After CoC12 Addition F-igre'ra 3. Effecof NS9oite micoiofVG nRNA by CoCki ill
prostate canicer cellI lines. Pr~ostate canicer cells, (A) LNCaP (13) lPC-3 anld (C)

/'igrerrs 2. UtCi 2 -i Iidtieed Upreti at ion of' COX -2 expre-ssioni anid PGE, PC-3N4L- wee IC rrCllt-C illsru SC-1free-C nliedjirm itl the absenice (lanles I-3) or
pr-odtct io inl prostate canicer cell lii es. (A) CoCII I-precul ated COX -2 pesic Ic 46of10pMC hIm2l.elswere aso t-ae

mnR NA expr-ess ioni. Pro0state cancer' Cells xx'em Ciiiin red itl Seruir14- fre with vehicle as control (lanes 1 , 4). 10 pMN NS398 (lanes, 2, 5), or- 100/pM
nedi Otto anld tr-eated wsitlI] or, withotit 1001 prm Cock, for the Iltimes as ilit- NS5398 (lanies 3. 6). Total R NA was theni extr'acted an-d subljectedl to Northern1

dlicated. Total R NA was ext acted at tite enid of' each trite pofi its. arid hint anal ysi s witht a VEGF cDNA pr-ohe. Foillowed by rechybridiizatiort with a
stih hiected to Nort-tern blot analysis wvi th a COX-2 clDNA pr-obe followved /ý-act in pr-obe. A r~epr-esetative result fr-ort triplicate exper-imuers is showni.
by r-ebybridizationt With a1 fi-actirt pr-obe the amrititr itf'specific RNA was
(11lu~ ia le ydsitolel-I h l sliutSh w]) inl itpp1er panlel is a repr-e-

scritat xc (runtl trip1 irate exper1ilDintens. The (lM ~iratinta C artalys is of' COX-2 epnet okb mlyeto eetv O -
itRNA expression fr-on thr-ee irtdepertdcrtt expmlerirttets is swlovr ilit loxver epnet oI yepoyeto eetv O -
parrel. Th'le r-estlts arc expr-essed as r-atio rif COX-2 to p)-actirt linRNA, arid inhibitor, NS398. Northern blot analysis demonstrated that
arce eitias ± SIM. P , 01.015. < f0.f01 vs. comiro. (13) CoCd, upl- NS398 had no significant effect on VEGE mRNA expres-
regurlated~ ('OX -2 priotei ri expressirti. PriostateC cacer- Cellis were I ilICLbated sinnth abec of ol nLN PadPC3 el,
itl seru-fre11-c lediiculnri arid trecated wxilth oir wititotn 1111 pIm Ctckll-r o thne so nteasneo ol)i N a n 3cls

tiric i irulc~iel. rutert va etrcte a te ctdri ecittiti -but at slight upreg ul1ation in PC-3ML cells. This enhancedtl)N;SiliM .P ][il\ISCt IM 2fieOd FCIIti epoints, arid be du
s(urbjectcd ti Western1 hlot anlal\'sis with a prilyclrrital alrti-COX-2 anitibody, expression of VEGF mRNA may, presumably, bedCto
Th'le ainomtit rif'(OX-2 printeiin expression was hlurarititatcd by dcrtisirttnetry. the inhibition of the COX-2 metabolic pathway which con-
Thle resti it shwltux ill tr pmil pallel is a r~eprescittatk se-ol frirritin 1 iate exlier-- verts arach idon ic acid to prostagl audi ns. Arach idon ic acid!
intent1s. Tlie (ItraittttiVe analysis if('COX-2 protenit expr-essirirt urrom threec
iriditeIdent eIII(xperIirierins is Showner ill hisser panlel.Th 'lsiterslts ar-e exprecssed may then be metabolized by the lipoxygenase pathway to
its arb-itrary unlit. artld are tIIicar± SEM. `YI (1(105, *P < (0.0)1 vs. coriritio. pr-oduce H-ETEs and leUkotrienes leading to an activation
(C)1 CodE firdriecd u1pregulatiorn of' 1GE, pdiocictioit. Prostate canicer- cells of the lipoxygenase pathway. The lipoxgenase pathway has
xx -cc ilircirbated litserir-mlfi-ce r1~itedil WIitard IIýtd \eNincl xi or \\ithLtrIt 1001)/1 M also been shown to be invwolved in prostate cancer angi 0-
CoCI, 1f1r tIne tiliteS aIs inldicated~. CLulture rinediurti xvas collected,. clar-ifiedl. adtmruot 21Hwvriltene c
arid subjiected toi F 11S A to cltimititate PGF, secret inn . Thte rcsurIt~s xvere genesisad L10-M- th[4.Hwvrinhepsnc
ittirrital iz teoi cell ii1 r1tbmr. The dat a repr-esent meani ± SUM fr-ort thriee
sepirrate determiniI at inls. o~o' P' ( <(5 0.01 vs. cuirtiruti
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Figure 4. Time-dlependent inhibition of VEGF mRNA by NS398 in

CoCl2-treated PC-3ML cells. PC-3ML cells were incubated in serum-free
medium in the absence (lanes 1-4) or presence (lanes 5-8) of 100 /tM

CoC12. Cells were also treated with vehicle as control (lanes 1, 5), 100 0

ptM NS398 for I day (lanes 2, 6), 2 days (lanes 3, 7) or 3 days (lanes 4. 8).

Total RNA was then extracted and subjected to Northern blot analysis with NS398 Concentrations (uM)

a VEGF eDNA probe, followed by rehybridization with a /1-actin probe. A Figure 5. Inhibition of CoC2-inccd VEGF protein secretion by NS398
representative result from duplicate experiments is shown. The quantitative in PC-3 -Tired VEGF protein seto y -

analysis of VEGF mRNA expression firom two independent experiments tion by NS398 in CoCl-treated PC-3ML cells. Cells were incubated in

is shown in lower panel. Data are expressed as ratio of VEGF to ý-actin serum-free medium in the presence or absenee of 1(00 /.M CoCl2. Cells

mRNA, and are mecans + SEM. *P < 0.01 vs. the cells treated wsith CoCF rI-7-eiec~ii h rsnc rasneo 00/t ol) el

only. w C s2ere also treated with vehicle as control (as indicated by zero) or 100 pM
NS398 for various times as indicated. (B) Dose-dependent inhibition of

CoCl2-induced VEGF protein secretion by NS398. Cells were incubatecd
in serum-firee medium in the presence or absence of 100 p M CoC-,2. Cells

of CoCI2 , NS398 did not influence the expression of VEGF were also treated with vehicle as control (as indicated by zero) or various

mRNA by LNCaP cells after a 2-day treatment with 100 1iM concentrations of NS398 as indicated for 2 cf. Culture medium was then col-
COC12 (Figure 3A). In contrast. VEGF mRNA expression lected, clarified. and subjected to ELISA to quantitate VEGF secretion. The

ced (g 3A) expresston results were normalized to cell number. The data represent mean ± SEM

induced by CoCI2 was partially blocked by the addition of from three separate determinations. **P < 0.05, *P < 0.01 vs. control.

NS398 at the dose of 100 pM for 2d in PC-3 cells (Fig-
ure 3B). The significant effect of NS398 on this process was
observed only in PC-3ML cells. As shown in Figure 3C, E.Act ofCOX-2 inhibition on CoCI2-induced VEGF

the induced VEGF mRNA expression by CoC12 in PC-3ML production can be reversed by PGE2 treatment
cells was blocked by the addition of increasing concentra-
tions of NS398. Figure 4 demonstrates that NS398-abolished Because CoCI2-induced VEGF expression was suppressed

upregulation of VEGF mRNA induced by CoCl2 in PC-3ML by treatment with NS398, we next sought to determine

cells was time dependent with maximum blockade of CoCl2 whether this inhibition could be overcome by addition

effect seen 48 h following 100 p M NS398 treatment. The ef- of exogenous PGE2, the major COX-2-derived eicosanoid

fectofNS398ontheinductionofVEGFproteinsecretionby product. As shown in Figure 6A, Northern blot analy-

CoCl2 in PC-3ML cells was next determined using ELISA. sis demonstrated that inhibition of CoCl2-induced VEGF

The time course studies reveal that the suppression of CoCl2 mRNA expression in the presence of NS398 was reversed

effects begins at 16 h after NS398 addition and was sus- by the addition of exogenous PGE2 to the PC-3ML cells.
Similar responses in VEGF protein secretion were observedta in e d o v e r a 7 2 h in c u b a tio n p e rio d in c o n tin u o u s p re se n c e i l C l u e C 3 L c l s( i u e 6 3 .T e e r s l s i d c t

of CoC12 (Figure 5A). The dose-dependence experiments in cultured PC-3ML cells (Figure 6B). These results indicate

demonstrated that NS398 produced a similar blockade of that PGE2 produced via COX-2 pathway plays a crucial role

CoCl2 effects on VEGF protein as that seen at the mRNA in VEGF upregulation by CoCl -simulated hypoxia.

level (Figure 5B).
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A 1 2 3 4 5 this isoform in the presence of CoC12. In addition, PC-3ML
cell line, despite its low basal VEGF level, is distinguished

VEGF U a -4.3 kb fromn the other hluman prostate cancer cell lines by its ability
' •to dramatically upregulate VEGF production in response to

CoCl2 -simulated hypoxia. In contrast, CoCl1 only induces a
transient increase in COX-2 expression and a modest upreg-
ulation in VEGF production in PC-3 cells, a less invasive and

O3-Actin to to * l * l - 1.8 kb weakly metastatic prostate cancer cell line [20, 22]. More-
over, CoCG, has no effect oil COX-2 expression and a limited
influence on VEGF induction in non-invasive LNCaP cells
[25]. These data demonstrate an association of the level of
co-induction of COX-2 and VEGF by CoCl2 with the inva-

B sive and metastatic potential of human prostate cancer cell
8 lines. These observations are in agreement with the reports

by Shweiki et al. 1261] and Damert et al. 127] that the abil-
ity to produce VEGF in response to hypoxia is associated

6 with the aggressive and metastatic behavior in human brain
"tumnors

Highly regulated COX-2 expression and elevated PGE2
4 production have been shown to result in increased expression

of genes that normally are induced only transiently [28 ], and
are considered to be a feature of the aggressive, metasta-

S2 •tic phenotype of human breast cancer [9, 291. Our results
suggest that hypoxia-induced VEGF induction is maintained
by the concomitant, sustained elevation of COX-2 expres-

0 sion and PGE2 production in the aggressive and metastatic
CoC12 + + + PC-3ML cells suggesting an important role for COX-2 in

NS398 - + - + + maintenance of high level of VEGF in tumors under hy-
poxic condition which may lead to tumor cell invasion and

PGIL2  . . . . + metastasis.

inre 6. PGEi 2 restlores the CoCk1-upreiilation of VEGF in the presence Our- data demonstrate, for tile first time, that inhibi-
of NS398. (A) PG'ii restores the CoCl2-upreghlation of VEGF iRNA in tion of COX-2 activity significantly suppresses inducible
the presence of NS398. PC-3MI. Cells were culeured in Cfl sertto-free me1dilitu
for 24 h. hncuiatioits were coittinued with variolls treatments for 2 d. VEGF production by CoClI2-simlulated hypoxia in PC-3ML
Lane I, vehicle as cottrol: hlne 2. NS398: Line 3, CoCh: lane 4, CoCl cells. These results implicate COX-2 as a potential medi-
+ NS398: lane 5, (CoCh + NS398 -I- PGF,. The concentlations of corm- ator of hypoxia-induced VEGF expression. Although both
pounds added were CoCI2 . 100 /iNI: NS398, 100/•II: PGE'2. 10 pM with VEGF and COX-2 gene expression are known to be regtl-
daily addition. 'liotal RNA was then extracied and subjecetd to Northern
Nlot analysis with a VFGF cl)NA prohe, followed by rehybi zalit oil wilth a lated by hypoxia in several different cell lines [I 2, 30], the
/3-actin piobe. A represeitative result Irorn duplicate experiments is shown, molecular mnechanisins underlying these effects appear to be
(B) PG(l retsores the CoCI2-upregulatiotl of VFGF protein secretilion ill the distinct. Hypoxia-induced upregulation of VEGF expression
presence of NS398. PC-3ML cells were cultllred it sernio-free medium for is mediated by a transcription factor, HIF- I , which binds to
24 h. lanes ale labeled to correspond with panel A. CLIItlire mediue by aas

collected. clarified, and sulhiected to ELISA to quanliaie VEGF secretion. cis-acting DNA elements containing essential HIF- I binding
The resillS were niolrnilal iled tIo cell lilunlclhr. The dala represenl meatl I sites and triggers VEGF transcription 130]. However, recent
SFM lroll three separate delerltiitatiomns. reports have indicated that HIF- I does not appear to be suffi-

cient for the full induction of VEGF in response to hypoxia.

Discussion It requires unknown cellular factor(s) other than HIF- I to
reach full responsiveness to hypoxia [4, 5, 21]. In addition,
tile details regTarding intracelhllar interaction between HIF- I

Overexpression of COX-2 has been linked to an enhanced
VEGF expression Ill1, and increased metastatic potential and COX-2 (or PGE2 ) need to be elucidated. HIF- I does not

S10 1. Hlowever, thle underlying mnechanismn ofaction oCON- seem to be a regulator of transcriptional activation of COX-2

2 is largely uiknown. Celhlhul responses to either hypoxia 131, 321. However, while COX-2 itself is not a transcriptionori cltsare~ly anknOW1. cmon i rehaniesn foeither oxyenenin, factor 132], it produces PGs within nucleus [321 which couldo r c o b a l t s h a r e a c o m m o n m ne c h a n li S il f o r o x y g e n s e n s i n g , r t -i a l I M i t e r n s i p o n r o h r n u e r e v t .
signal lralsducLtion, and transcriptional regulation 12, 21I. presumably regulate transcription or other nuclear events.

Our observation that exogenous PGE 2 can overcome the'fie present Situdy created an ini vitro hypoxia-like state byn
tr'ealment of prstate cancer cells with 100 p M COC12 and suppressive effect of a COX-2 inhibitor oil upregulation of

demonstrates that the biological aggiessive. highly invasive VEGF by CoCl2 indicates an important role for PGE2 in
this process. In support of this observation, PGE2 has beenand bonec-taroeling metastatic PC-3ML cell line 122] not
shown to induce VEGF inRNA expression in osteoblasts

only expresses high constitutlive levels of COX-2 but alsoexhibits a furlher and prolonged elevation in thCe activity o [33], synovial fibroblasts 1341 and VEGF protein secretion



COX-2 -mediated CoCI9 -induced VEGE upregidaltion 693

in PC-3ML cells.' We speculated that PGE-9 is involved in 11. Tsujii M. Kaivano S, TsuJi S, Du~Bois RN. Cyclooxy~genase regulates

the interactive complex of HIF- I or- other nuclear event(s) ang~iogenCSiS inlduced by colon cancer cells. Cell 1998 93: 705-16.

that mediates the hypoxic induction of VEGF by serving as 12. Sehmedtjii JF Jr-. Ji YS, Liii WL et ,at. Hypoxia induces cyclo-
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